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(57) ABSTRACT

A hybrid electric vehicle includes an engine and an electric
motor both configured to generate a vehicle powertrain
torque and a controller programmed to control the pow-
ertrain torque for a limited duration in anticipation of a
powertrain torque variation scenario using a damping func-
tion, wherein the damping function adjusts the vehicle
powertrain torque based on a difference between a measured
motor speed and a desired motor speed using the electric
motor to counteract a powertrain speed oscillation.

20 Claims, 3 Drawing Sheets

Powertrain -
502 Speed .
N oscilaion 504 Dumping L o
Other Damping : Function | Powertrain ~
Vehicle | Request | Vehicle Flag Speed Tm e
Control = Control » QOscillation Contro
Functions Arbitrator Damping
Y kA Actuation
/506
Vehicle State

and Measurements




US 9,446,757 B2

Sheet 1 of 3

Sep. 20, 2016

U.S. Patent

42

Electronics \56

FIG. 1



US 9,446,757 B2

Sheet 2 of 3

Sep. 20, 2016

U.S. Patent

¢ DIA

{44
puewwo) anbJo| J0J0W
| [enjoy NWSUBI|
IA44
A
1usuishlpy anbiog
- JOJ0 S)1RIBUDE)
144
A
poads jsimL
| aje|nofen
81
A
paadg JoIo
] [ENJOY 2INSES|
9.

¢ PIOUSaIY | pauIuLLIalapald
B MO|jag Joli3 pasds ay; s1 Jo pasde|g
alUl| paulLIg)apald B SBH

A

paads Jojoy
palisa( sjejnoje)

vic

¢abuey Aousnbald

pauljapald sy} UILIIAA UOHE(IDSO
paads UlRIaMOd 8Y) S|

¢ic

uoljeq[iosQ pesds
uleIaMOd & Jo abuey
Aousnbai4 pauljspaid e 0}
uonoun4 Buidweq Jayi4

—

—~

A

Oic

uonoun4 Buidweq
SjeAlOY

80¢

(luasald
0lIeusag uonelep anbio|
UIBILISMOd B §|

80¢

[eubis anblo| Ulesamod
8[0IyaA palise( e aAIgosy

Sm\\\

¢0¢

™
v0¢



U.S. Patent Sep. 20, 2016 Sheet 3 of 3 US 9,446,757 B2

300
304
310 302\ / 306
Tm‘ _ 8 /(Dm C‘)m_twist‘
- Jm32+ cs+k > s »
308
Feedback _
Controller o

500
Powertrain s //_
Speed
02N Oscllaton 504 Dumping L o0
Other Damping - Function Powertrain -
Vehicle | Request | Venidle Flag Speed Tm Motor
Control »  Control »  QOscillation > Control
Functions Arbitrator Damping
Y A A Actuation
f506
Vehicle State

and Measurements FI G 5




US 9,446,757 B2

1
ACTIVE MOTOR DAMPING CONTROL OF A
HYBRID ELECTRIC VEHICLE
POWERTRAIN

TECHNICAL FIELD

The present disclosure relates to active motor damping in
hybrid electric vehicles.

BACKGROUND

Hybrid electric vehicles (HEVs) utilize both an engine
and an electric motor, which may operate in unison or alone,
to provide torque to the vehicle powertrain. All vehicles,
hybrid and non-hybrid alike, experience vehicle powertrain
speed oscillations that disrupt the smooth vehicle operation
and vehicle drivability. Powertrain resonance is one of the
major reasons that a driver feels unsmooth behavior. Typi-
cally, the unsmooth behavior is triggered by the powertrain
resonance that occurs during transient events in the pow-
ertrain torque. Therefore, it is essential to damp the pow-
ertrain speed oscillation during transient events around the
powertrain resonant frequency, which is a typical task in
most automotive powertrain controls.

In a HEV application the electric motor can be used to
damp powertrain speed oscillations. This is sometimes
referred to as active motor damping (AMD). It is known,
that some transient events contribute more to the powertrain
resonance causing unsmooth behavior than other transient
events. For example, a vehicle that uses a launch clutch to
engage the power source (engine or electric motor) to the
transmission gearbox may experience a larger speed disrup-
tion due to the powertrain speed oscillation while engaging
the launch clutch, than a vehicle that uses a hydraulic torque
converter to couple the power source to the transmission
gearbox. This is because automatic transmissions with
hydraulic torque converters have a large natural viscous
damping effect. At higher vehicle speed and moderate torque
variation conditions, the torque converter will typically be
locked by a lock-up clutch or similar device that provides a
mechanical coupling to minimize energy losses.

In order to minimize the potential impact to other vehicle
or subsystem control actions, it would be desirable to
provide a control system in a HEV that uses an electric
motor to damp powertrain speed oscillations, where the
control system is triggered only during specific transient
events that could excite the powertrain resonance frequency
and cause unsmooth behavior, while at the same time not
being triggered during transient events that do not contribute
considerably to the powertrain resonance frequency, where
the unsmooth behavior is negligible.

SUMMARY

In one aspect of the disclosure, a hybrid electric vehicle
is provided. The hybrid electric vehicle has both an engine
and an electric motor that are configured to generate a
vehicle powertrain torque. A controller is provided that
activates, for a limited duration, a damping function in
response to a powertrain torque variation scenario. Repre-
sentative powertrain torque variation scenarios may include
a transient event such as: an engine start, a partially or a
completely closing of a launch clutch, a gear shift, a tip-in,
a tip-out, a large torque command, a partially or a com-
pletely closing converter bypass clutch, etc., which may
contribute to the powertrain resonance causing unsmooth
behavior. The damping function adjusts the powertrain
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torque based on a difference between a measured motor
speed and a desired motor speed, using the electric motor to
counteract a powertrain speed oscillation.

A filter in a forward loop of the damping function may
also be used to limit the damping function to within a
predefined frequency range of the powertrain speed oscil-
lation.

A feedback loop in the damping function may be used to
generate a motor torque adjustment, which is subtracted
from a desired motor torque resulting in an actual or
commanded motor torque. The motor torque adjustment
may be based on the difference between a measured motor
speed and a desired motor speed. In one embodiment, the
function in the feedback loop that generates the motor torque
adjustment includes a derivative term which is proportional
to a derivative of the difference between a measured motor
speed and a desired motor speed, and a proportional term
which is proportional to the difference between a measured
motor speed and a desired motor speed (the function in the
feedback loop may be referred to as a proportional deriva-
tive or PD controller).

The controller may be set to disable the damping function
based upon a predetermined elapsed time or when a speed
error reduces below a predetermined threshold, the speed
error being the difference between a measured motor speed
and a desired motor speed.

In another aspect of the disclosure, a method for control-
ling a hybrid electric vehicle is provided. The method
includes: generating a vehicle powertrain torque with an
engine and/or an electric motor; activating, for a limited
duration, a damping function in response to a powertrain
torque variation scenario such as: an engine start, a partially
or a completely closing of a launch clutch, a gear shift, a
tip-in, a tip-out, a large torque command, a partially or a
completely closing of a torque converter bypass clutch, etc.,
which may contribute to the powertrain resonance causing
unsmooth behavior); and adjusting the powertrain torque
with the damping function based on a difference between a
measured motor speed and a desired motor speed, using the
electric motor to counteract a powertrain speed oscillation.

A filter in a forward loop of the damping function may
also be used to limit the damping function to within a
predefined frequency range of the powertrain speed oscil-
lation.

A feedback loop in the damping function may be used to
generate a motor torque adjustment, which is subtracted
from a desired motor torque resulting in an actual or
commanded motor torque. The motor torque adjustment
may be a function of the difference between a measured
motor speed and a desired motor speed. In one embodiment,
the function in the feedback loop that generates the motor
torque adjustment includes a derivative term which is pro-
portional to a derivative of the difference between a mea-
sured motor speed and a desired motor speed, and a pro-
portional term which is proportional to the difference
between a measured motor speed and a desired motor speed.

The damping function of the method may be disabled
based upon a predetermined elapsed time or when a speed
error reduces below a predetermined threshold, the speed
error being the difference between a measured motor speed
and a desired motor speed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of an exemplary pow-
ertrain of a hybrid electric vehicle;
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FIG. 2 is a flowchart illustrating an algorithm for con-
trolling the motor torque in a hybrid electric vehicle accord-
ing to one embodiment of the present disclosure;

FIG. 3 illustrates a control for active motor damping of a
vehicle powertrain torque according to one embodiment of
the present disclosure;

FIG. 4 illustrates a method for calculating the twist speed,
which is the difference between the actual motor speed and
the desired motor speed at any given instance; and

FIG. 5 is a flowchart illustrating the control architecture
utilized to control the motor torque in a hybrid electric
vehicle to counteract a powertrain speed oscillation.

DETAILED DESCRIPTION

Embodiments of the present disclosure are described
herein. It is to be understood, however, that the disclosed
embodiments are merely examples and other embodiments
can take various and alternative forms. The figures are not
necessarily to scale; some features could be exaggerated or
minimized to show details of particular components. There-
fore, specific structural and functional details disclosed
herein are not to be interpreted as limiting, but merely as a
representative basis for teaching one skilled in the art to
variously employ the embodiments. As those of ordinary
skill in the art will understand, various features illustrated
and described with reference to any one of the figures can be
combined with features illustrated in one or more other
figures to produce embodiments that are not explicitly
illustrated or described. The combinations of features illus-
trated provide representative embodiments for typical appli-
cations. Various combinations and modifications of the
features consistent with the teachings of this disclosure,
however, could be desired for particular applications or
implementations.

Referring to FIG. 1, a schematic diagram of a hybrid
electric vehicle 10 is illustrated according to an embodiment
of the present disclosure. FIG. 1 illustrates representative
relationships among the components. Physical placement
and orientation of the components within the vehicle may
vary. The HEV 10 includes a powertrain 12. The powertrain
12 includes an engine 14 that drives a transmission 16,
which may be referred to as a modular hybrid transmission
(MHT). As will be described in further detail below, trans-
mission 16 includes an electric machine such as an electric
motor/generator (M/G) 18 coupled to an associated traction
battery 20, a torque converter 22, and a multiple step-ratio
automatic transmission, or gearbox 24.

The engine 14 and the M/G 18 are both drive sources for
the HEV 10. The engine 14 generally represents a power
source that may include an internal combustion engine such
as a gasoline, diesel, or natural gas powered engine, or a fuel
cell. The engine 14 generates an engine power and corre-
sponding engine torque that is supplied to the M/G 18 when
a disconnect clutch 26 between the engine 14 and the M/G
18 is at least partially engaged. The M/G 18 may be
implemented by any one of a plurality of types of electric
machines. For example, M/G 18 may be a permanent
magnet synchronous motor. Power electronics 56 condition
direct current (DC) power provided by the battery 20 to the
requirements of the M/G 18, as will be described below. For
example, power electronics may provide three phase alter-
nating current (AC) to the M/G 18.

When the disconnect clutch 26 is at least partially
engaged, power flow from the engine 14 to the M/G 18 or
from the M/G 18 to the engine 14 is possible. For example,
the disconnect clutch 26 may be engaged and M/G 18 may
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operate as a generator to convert rotational energy provided
by a crankshaft 28 and M/G shaft 30 into electrical energy
to be stored in the battery 20. The disconnect clutch 26 can
also be disengaged to isolate the engine 14 from the remain-
der of the powertrain 12 such that the M/G 18 can act as the
sole drive source for the HEV 10. Shaft 30 extends through
the M/G 18. The M/G 18 is continuously drivably connected
to the shaft 30, whereas the engine 14 is drivably connected
to the shaft 30 only when the disconnect clutch 26 is at least
partially engaged.

The M/G 18 is connected to the torque converter 22 via
shaft 30. The torque converter 22 is therefore connected to
the engine 14 when the disconnect clutch 26 is at least
partially engaged. The torque converter 22 includes an
impeller fixed to M/G shaft 30 and a turbine fixed to a
transmission input shaft 32. The torque converter 22 thus
provides a hydraulic coupling between shaft 30 and trans-
mission input shaft 32. The torque converter 22 transmits
power from the impeller to the turbine when the impeller
rotates faster than the turbine. The magnitude of the turbine
torque and impeller torque generally depend upon the rela-
tive speeds. When the ratio of impeller speed to turbine
speed is sufficiently high, the turbine torque is a multiple of
the impeller torque. A torque converter bypass clutch 34
(sometimes referred to as a lock-up clutch) may also be
provided that, when engaged, frictionally or mechanically
couples the impeller and the turbine of the torque converter
22, permitting more efficient power transfer. The torque
converter bypass clutch 34 may be operated as a launch
clutch to provide smooth vehicle launch. Alternatively, or in
combination, a launch clutch similar to disconnect clutch 26
may be provided between the M/G 18 and gearbox 24 for
applications that do not include a torque converter 22 or a
torque converter bypass clutch 34. In some applications,
disconnect clutch 26 is generally referred to as an upstream
clutch and launch clutch (which may be a torque converter
bypass clutch 34) is generally referred to as a downstream
clutch.

The gearbox 24 may include gear sets (not shown) that are
selectively placed in different gear ratios by selective
engagement of friction elements such as clutches and brakes
(not shown) to establish the desired multiple discrete or step
drive ratios. The friction elements are controllable through a
shift schedule that connects and disconnects certain ele-
ments of the gear sets to control the ratio between a
transmission output shaft 36 and the transmission input shaft
32. The gearbox 24 is automatically shifted from one ratio
to another based on various vehicle and ambient operating
conditions by an associated controller, such as a powertrain
control unit (PCU) 50. The gearbox 24 then provides pow-
ertrain output torque to output shaft 36.

It should be understood that the hydraulically controlled
gearbox 24 used with a torque converter 22 is but one
example of a gearbox or transmission arrangement; any
multiple ratio gearbox that accepts input torque(s) from an
engine and/or a motor and then provides torque to an output
shaft at the different ratios is acceptable for use with
embodiments of the present disclosure. For example, gear-
box 24 may be implemented by an automated mechanical
(or manual) transmission (AMT) that includes one or more
servo motors to translate/rotate shift forks along a shift rail
to select a desired gear ratio. As generally understood by
those of ordinary skill in the art, an AMT may be used in
applications with higher torque requirements, for example.

As shown in the representative embodiment of FIG. 1, the
output shaft 36 is connected to a differential 40. The differ-
ential 40 drives a pair of wheels 42 via respective axles 44
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connected to the differential 40. The differential transmits
approximately equal torque to each wheel 42 while permit-
ting slight speed differences such as when the vehicle turns
a corner. Different types of differentials or similar devices
may be used to distribute torque from the powertrain to one
or more wheels. In some applications, torque distribution
may vary depending on the particular operating mode or
condition, for example.

The powertrain 12 further includes an associated pow-
ertrain control unit (PCU) 50. While illustrated as one
controller, the PCU 50 may be part of a larger control system
and may be controlled by various other controllers through-
out the vehicle 10, such as a vehicle system controller
(VSC). It should therefore be understood that the powertrain
control unit 50 and one or more other controllers can
collectively be referred to as a “controller” that controls
various actuators in response to signals from various sensors
to control functions such as starting/stopping engine 14,
operating M/G 18 to provide wheel torque or charge battery
20, select or schedule transmission shifts, etc. Controller 50
may include one or more microprocessors or central pro-
cessing units (CPUs) in communication with various types
of computer readable storage devices or media. Computer
readable storage devices or media may include volatile and
nonvolatile storage in read-only memory (ROM), random-
access memory (RAM), and keep-alive memory (KAM), for
example. KAM is a persistent or non-volatile memory that
may be used to store various operating variables while the
CPU is powered down. Computer-readable storage devices
or media may be implemented using any of a number of
known memory devices such as PROMs (programmable
read-only memory), EPROMSs (electrically PROM),
EEPROMs (electrically erasable PROM), flash memory, or
any other electric, magnetic, optical, or combination
memory devices capable of storing data, some of which
represent executable instructions, used by the controller in
controlling the engine or vehicle.

The controller communicates with various engine/vehicle
sensors and actuators via an input/output (I/0) interface that
may be implemented as a single integrated interface that
provides various raw data or signal conditioning, processing,
and/or conversion, short-circuit protection, and the like.
Alternatively, one or more dedicated hardware or firmware
chips may be used to condition and process particular
signals before being supplied to the CPU. As generally
illustrated in the representative embodiment of FIG. 1, PCU
50 may communicate signals to and/or from engine 14,
disconnect clutch 26, M/G 18, launch clutch 34, transmis-
sion gearbox 24, and power electronics 56. Although not
explicitly illustrated, those of ordinary skill in the art will
recognize various functions or components that may be
controlled by PCU 50 within each of the subsystems iden-
tified above. Representative examples of parameters, sys-
tems, and/or components that may be directly or indirectly
actuated using control logic executed by the controller
include fuel injection timing, rate, and duration, throttle
valve position, spark plug ignition timing (for spark-ignition
engines), intake/exhaust valve timing and duration, front-
end accessory drive (FEAD) components such as an alter-
nator, air conditioning compressor, battery charging, regen-
erative braking, M/G operation, clutch pressures for
disconnect clutch 26, launch clutch 34, and transmission
gearbox 24, and the like. Sensors communicating input
through the 1/O interface may be used to indicate turbo-
charger boost pressure, crankshaft position (PIP), engine
rotational speed (RPM), wheel speeds (WS1, WS2), vehicle
speed (VSS), coolant temperature (ECT), intake manifold
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pressure (MAP), accelerator pedal position (PPS), ignition
switch position (IGN), throttle valve position (TP), air
temperature (TMP), exhaust gas oxygen (EGO) or other
exhaust gas component concentration or presence, intake air
flow (MAF), transmission gear, ratio, or mode, transmission
oil temperature (TOT), transmission turbine speed (TS),
torque converter bypass clutch 34 status (TCC), deceleration
or shift mode (MDE), for example.

Control logic or functions performed by PCU 50 may be
represented by flow charts or similar diagrams in one or
more figures. These figures provide representative control
strategies and/or logic that may be implemented using one or
more processing strategies such as event-driven, interrupt-
driven, multi-tasking, multi-threading, and the like. As such,
various steps or functions illustrated may be performed in
the sequence illustrated, in parallel, or in some cases omit-
ted. Although not always explicitly illustrated, one of ordi-
nary skill in the art will recognize that one or more of the
illustrated steps or functions may be repeatedly performed
depending upon the particular processing strategy being
used. Similarly, the order of processing is not necessarily
required to achieve the features and advantages described
herein, but is provided for ease of illustration and descrip-
tion. The control logic may be implemented primarily in
software executed by a microprocessor-based vehicle,
engine, and/or powertrain controller, such as PCU 50. Of
course, the control logic may be implemented in software,
hardware, or a combination of software and hardware in one
or more controllers depending upon the particular applica-
tion. When implemented in software, the control logic may
be provided in one or more computer-readable storage
devices or media having stored data representing code or
instructions executed by a computer to control the vehicle or
its subsystems. The computer-readable storage devices or
media may include one or more of a number of known
physical devices which utilize electric, magnetic, and/or
optical storage to keep executable instructions and associ-
ated calibration information, operating variables, and the
like.

An accelerator pedal 52 is used by the driver of the
vehicle to provide a demanded torque, power, or drive
command to propel the vehicle. In general, depressing and
releasing the pedal 52 generates an accelerator pedal posi-
tion signal that may be interpreted by the controller 50 as a
demand for increased power or decreased power, respec-
tively. Based at least upon input from the pedal, the con-
troller 50 commands torque from the engine 14 and/or the
M/G 18. The controller 50 also controls the timing of gear
shifts within the gearbox 24, as well as engagement or
disengagement of the disconnect clutch 26 and the torque
converter bypass clutch 34. Like the disconnect clutch 26,
the torque converter bypass clutch 34 can be modulated
across a range between the engaged and disengaged posi-
tions. This produces a variable slip in the torque converter 22
in addition to the variable slip produced by the hydrody-
namic coupling between the impeller and the turbine. Alter-
natively, the torque converter bypass clutch 34 may be
operated as locked or open without using a modulated
operating mode depending on the particular application.

To drive the vehicle with the engine 14, the disconnect
clutch 26 is at least partially engaged to transfer at least a
portion of the engine torque through the disconnect clutch
26 to the M/G 18, and then from the M/G 18 through the
torque converter 22 and gearbox 24. The M/G 18 may assist
the engine 14 by providing additional power to turn the shaft
30. This operation mode may be referred to as a “hybrid
mode” or an “electric assist mode.”
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To drive the vehicle with the M/G 18 as the sole power
source, the power flow remains the same except the discon-
nect clutch 26 isolates the engine 14 from the remainder of
the powertrain 12. Combustion in the engine 14 may be
disabled or otherwise OFF during this time to conserve fuel.
The traction battery 20 transmits stored electrical energy
through wiring 54 to power electronics 56 that may include
an inverter, for example. The power electronics 56 convert
DC voltage from the battery 20 into AC voltage to be used
by the M/G 18. The PCU 50 commands the power electron-
ics 56 to convert voltage from the battery 20 to an AC
voltage provided to the M/G 18 to provide positive or
negative torque to the shaft 30. This operation mode may be
referred to as an “electric only” operation mode.

In any mode of operation, the M/G 18 may act as a motor
and provide a driving force for the powertrain 12. Alterna-
tively, the M/G 18 may act as a generator and convert kinetic
energy from the powertrain 12 into electric energy to be
stored in the battery 20. The M/G 18 may act as a generator
while the engine 14 is providing propulsion power for the
vehicle 10, for example. The M/G 18 may additionally act
as a generator during times of regenerative braking in which
rotational energy from spinning wheels 42 is transferred
back through the gearbox 24 and is converted into electrical
energy for storage in the battery 20.

The engine 14 and the M/G 18 of the HEV 10 are both
configured to generate a vehicle powertrain torque 58. The
vehicle powertrain torque 58 may be generated by both the
engine 14 and M/G 18 acting in unison, or by either the
engine 14 or the M/G 18 acting alone.

It should be understood that the schematic illustrated in
FIG. 1 is merely exemplary and is not intended to be limited.
Other configurations are contemplated that utilize selective
engagement of both an engine and a motor to transmit
through the transmission. For example, the M/G 18 may be
offset from the crankshaft 28, an additional motor may be
provided to start the engine 14, and/or the M/G 18 may be
provided between the torque converter 22 and the gearbox
24. Other configurations are contemplated without deviating
from the scope of the present disclosure.

FIG. 2 is a flowchart of an algorithm used in a method 200
for controlling the hybrid electric vehicle 10. The method
200 may be implemented using software code contained
within the PCU 50. In other embodiments, the method may
be implemented in other vehicle controllers, or distributed
among multiple vehicle controllers. The embodiment
described herein will assume the software code is contained
within the PCU 50 for simplicity purposes.

At step 202 the HEV 10 is turned on and PCU 50 is
powered up. After the vehicle has been turned on and the
PCU 50 powered up, a desired vehicle powertrain torque
signal is received at step 204 which is generated from the
driver of the HEV 10 using the accelerator pedal 52. The
desired vehicle powertrain torque signal is a representation
the desired vehicle powertrain torque T, 4., which is a
summation of a desired engine torque T and a desired
motor torque T,, g

At step 206 it is determined whether a powertrain torque
variation scenario is present. A powertrain torque variation
scenario is a situation where there may be a powertrain
speed oscillation. Oscillations in the speed of the powertrain
typically result from resonance in the powertrain, which
leads to unsmooth behavior that is felt by the driver. A
powertrain torque variation scenario is a transient event in
the powertrain torque which is a direct result of an instruc-
tion from the PCU 50, such as: an engine start, partially or
a completely closing (also known as locking) of a launch
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clutch, a gear shift, a tip-in (increasing the power, torque, or
drive command with the accelerator pedal 52), a tip-out
(decreasing the power, torque, or drive command with the
accelerator pedal 52), a large torque command (for example
a torque that exceeds 50% of available torque), a partially or
a completely closing (also known as locking) of a torque
converter bypass clutch, etc. Torque variation scenarios
however, may include additional situations which are not
listed herein. If a torque variation scenario is present, a
damping function is activated in step 208. If a torque
variation scenario is not present, the method 200 returns to
step 204 and is set to receive another vehicle powertrain
torque signal.

Once the damping function is activated in step 208, the
damping function in filtered in step 210 to operate within a
predefined frequency range of the powertrain speed oscil-
lation. At step 212, if the powertrain speed oscillation is not
within the predefined frequency range, the method 200
returns to step 204 and is set to receive another vehicle
powertrain torque signal. If the powertrain speed oscillation
is within the predefined frequency range, then a desired
motor speed is calculated at step 214, an actual motor speed
is measured at step 216, and a twist speed is calculated at
step 218, the twist speed being a difference between the
measured motor speed and the desired motor speed.

At step 220 a motor torque adjustment is generated which
is a function of the twist speed. The motor torque adjustment
is then subtracted from the desired motor torque resulting in
an actual motor torque command which is transmitted in
step 222.

At step 224 the method 200 determines whether the
damping function has been operating for a predetermined
time or whether the speed error is below a predetermined
threshold. The speed error being the difference between the
measured motor speed and the desired motor speed divided
by the desired motor speed. If the damping function has been
operating for the predetermined time or speed error is below
the predetermined threshold, the damping function comes to
an end at step 226 and the method 200 returns to step 204
and is set to receive another vehicle powertrain torque
signal. If the damping function has not been operating for
the predetermined time and speed error is not below the
predetermined threshold the damping function returns to the
filtering step 210 and the process is repeated. The damping
function will operate for a limited duration, which will last
until the predetermined time has elapsed or the speed error
has dropped below a predetermined threshold.

Although the various steps shown in the method 200
appear to occur in a chronological sequence, at least some of
the steps may occur in a different order, and some steps may
be performed concurrently or not at all.

Referring now to FIG. 3, a control system block diagram
is shown illustrating one embodiment of the damping func-
tion utilized to adjust the motor torque in order to reduce a
powertrain speed oscillation. The control 300 may include a
filter 302 (shown here in a forward loop) that removes any
desired frequency content and limits the damping function to
within a predefined frequency range, the filter effectively
functioning as a band pass filter. The predefined frequency
range will likely include any powertrain torque variation
scenario that has been identified to excite powertrain reso-
nance resulting in unsmooth vehicle behavior. Furthermore,
the filter may be a narrow band notch filter that limits the
damping function to a narrow frequency range, such as 5 Hz
to 7 Hz, for example. The narrow frequency ranges may vary
however, and could range from anywhere between 1 Hz and
100 Hz.



US 9,446,757 B2

9

In addition, the filter 302 may be dependent on a selected
set of gears and gear ratio for the gearbox 24. Since the
resonance that causes unsmooth behavior within the pow-
ertrain may occur at different frequencies of oscillations
within the powertrain speed when different sets of gears and
gear ratios have been selected, it may be an added advantage
to modity or adjust filter 302 based on the frequency ranges
that cause the unsmooth behavior for each set of gears and
gear ratio that is utilized within the gearbox.

The mechanical system representing a simplified model of
the M/G 18 is included within the control 300, and can be
written as the following transfer function 304 that is shown
in the forward loop:

Ps)= ——
) Jns? +cs +k

where J,, is the inertia of the M/G 18, ¢ is a damping
constant of the mechanical system, and k is a spring constant
of the mechanical system. Transfer function 304 is used to
determine an angular position 6 of the M/G 18 correspond-
ing to an input motor torque command T,. The angular
position 0 of the M/G is input to a derivative block 306, the
derivative having an output w,, that represents the motor
speed of the M/G 18 (the motor speed being an angular
motor speed). Although the motor speed w,, is shown as an
output of the derivative 306, this is merely a representation
of the mechanical system. The motor speed w,, is typically
a measured value of the rotation of the output shaft 30 of the
M/G 18 and may also be referred to as the measured motor
speed w,,. The motor speed may be measured using sensing
technology such as a Hall Effect sensor that measures the
rotations of the M/G shaft 30.

Referring to FIG. 4, the measured motor speed ,, is
shown illustrating the oscillations that occur within the
motor speed m,, of the M/G 18. Also shown is a desired
motor speed m,, ;. which is calculated by generating a
smooth line that approximates the measured motor speed
®,,. The desired motor speed w,, 4, may be constructed
using numerical analysis curve fitting techniques such as
interpolation or smoothing. Once the desired motor speed
,, 4 18 calculated, a twist speed w,, ,,.., 15 calculated,
which is the difference between the measured motor speed
m,, and the desired motor speed ®,, 4,

Referring again to FIG. 3, once the twist speed ,, ;s
has been calculated, it is used as an input in a feedback loop.
The feedback loop may include a feedback controller 308
which may be a PD controller represented by the following
transfer function:

s
H(s) = kmdr

mp

+k
p

where k,, , is a derivative term relative to the twist speed

(’Umitwists

N

s+p

is a lead filter, and k,,,, is a proportional term based on the
twist speed w,, ., The derivative term k,, ; and the pro-
portional term k,,, may either be constant values or may be
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outputs from a tables stored in the PCU 50, where the input
to the table(s) is the twist speed »,, ,.,,- The output of the
feedback controller 308 is a motor torque adjustment t,,, ;-
The motor torques adjustment T, ;, is subtracted from the
desired motor torque T,, ;. at the summation node 310
resulting in a motor torque command t,,. The desired motor
torque T, ;. Will be the amount of torque provided by the
M/G 18, when it is operating: as a generator, in hybrid mode,
or in electric only mode. The motor torque command T, is
once again used as an input to the transfer function 304 after
passing through the filter 302.

In the alternative, k,,; may be a derivative term based on
the motor speed w,,, k,,,, may be a proportional term based
on the motor speed w,,, and the derivative term k, ; and the
proportional term k,,,, may either be constant values or may
be outputs from tables stored in the PCU 50, where the input
to the table(s) is the motor speed w,,.

The feedback controller 308 should not be construed as
limited to PD controllers only, but may include other types
of controllers such as PI (proportional integral) controllers
or PID (proportional integral derivative) controllers.

The control 300 will repeat the process until either a
predetermined time has elapsed or the speed error reduces
below a predetermined threshold. The speed error is the
difference between the measured motor speed w,, and the
desired motor speed w,, 4. (the twist speed w,, ,,;,) and
may be represented by the following equations:

e=,,—W, or e=w,

m_des m_twist

Referring to FIG. 5, the control architecture 500 utilized
to control the motor torque in a hybrid electric vehicle to
counteract a powertrain speed oscillation illustrated. Other
vehicle control functions 502 generate a powertrain speed
oscillation damping request. These other vehicle control
functions may include but are not limited to: engine con-
trols; transmission controls; torque converter controls;
torque converter bypass clutch controls; launch clutch con-
trols; engine disconnect clutch controls; hybrid operation
controls; brake system controls; motor/generator controls;
torque, power, or drive command controls; etc. Once a
powertrain speed oscillation damping request is generated, a
vehicle control arbitrator 504 determines whether or not to
turn on the damping function to adjust the motor torque in
order to reduce a powertrain speed oscillation. The vehicle
control arbitrator 504 determines whether or not to turn on
the damping function based on the vehicle state and mea-
surements 506. The vehicle state and measurements 506
inform the vehicle control arbitrator 504 whether or not a
torque variation scenario is present where a powertrain
speed oscillation damping is required. A powertrain torque
variation scenario may include but is not limited to: an
engine start, partially or a completely closing (also known as
locking) of a launch clutch, a gear shift, a tip-in (increasing
the power, torque, or drive command with the accelerator
pedal 52), a tip-out (decreasing the power, torque, or drive
command with the accelerator pedal 52), a large torque
command (for example a torque that exceeds 50% of avail-
able torque), a partially or a completely closing (also known
as locking) of a torque converter bypass clutch, etc.

Once it has been determined by the vehicle control
arbitrator 504 that powertrain speed oscillation is present
and damping is required, the vehicle control arbitrator 504
sends a damping function flag to the powertrain speed
oscillation damping actuation step 508 where the motor
torque command T, is calculated. The motor torque com-
mand T,, is then sent to the motor control 510. The motor
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torque control 510 then sends the signals to the M/G 18 to
adjust the motor torque in order to dampen powertrain speed
oscillations.

The processes, methods, or algorithms disclosed herein
can be deliverable to/implemented by a processing device,
controller, or computer, which can include any existing
programmable electronic control unit or dedicated electronic
control unit. Similarly, the processes, methods, or algorithms
can be stored as data and instructions executable by a
controller or computer in many forms including, but not
limited to, information permanently stored on non-writable
storage media such as ROM devices and information alter-
ably stored on writeable storage media such as floppy disks,
magnetic tapes, CDs, RAM devices, and other magnetic and
optical media. The processes, methods, or algorithms can
also be implemented in a software executable object. Alter-
natively, the processes, methods, or algorithms can be
embodied in whole or in part using suitable hardware
components, such as Application Specific Integrated Cir-
cuits (ASICs), Field-Programmable Gate Arrays (FPGAs),
state machines, controllers or other hardware components or
devices, or a combination of hardware, software and firm-
ware components.

While exemplary embodiments are described above, it is
not intended that these embodiments describe all possible
forms encompassed by the claims. The words used in the
specification are words of description rather than limitation,
and it is understood that various changes can be made
without departing from the spirit and scope of the disclosure.
As previously described, the features of various embodi-
ments can be combined to form further embodiments of the
invention that may not be explicitly described or illustrated.
While various embodiments could have been described as
providing advantages or being preferred over other embodi-
ments or prior art implementations with respect to one or
more desired characteristics, those of ordinary skill in the art
recognize that one or more features or characteristics can be
compromised to achieve desired overall system attributes,
which depend on the specific application and implementa-
tion. These attributes can include, but are not limited to cost,
strength, durability, life cycle cost, marketability, appear-
ance, packaging, size, serviceability, weight, manufactur-
ability, ease of assembly, etc. As such, embodiments
described as less desirable than other embodiments or prior
art implementations with respect to one or more character-
istics are not outside the scope of the disclosure and can be
desirable for particular applications.

What is claimed is:

1. A hybrid electric vehicle comprising:

an engine and an electric motor both configured to gen-

erate a vehicle powertrain torque; and

a controller programmed to control the powertrain torque

for a limited duration in response to a powertrain torque
variation scenario using a damping function that adjusts
the torque of the electric motor based on a difference
between a measured motor speed, that is received by
the controller via signals from a sensor measuring the
speed of the electric motor, and a desired motor speed,
that is estimated by the controller based on a curve-
fitting interpolation of the measured motor speed, in
order to counteract powertrain speed oscillations and to
drive the measured motor speed towards the desired
motor speed.

2. The hybrid electric vehicle of claim 1, wherein the
powertrain torque variation scenario is at least one of: an
engine start, a gear shift, a tip-in, a tip-out, or a large torque
command.
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3. The hybrid electric vehicle of claim 1, wherein the
powertrain torque variation scenario is a partially or a
completely closing of a launch clutch.

4. The hybrid electric vehicle of claim 1, wherein the
powertrain torque variation scenario is a partially or a
completely closing of a torque converter bypass clutch.

5. The hybrid electric vehicle of claim 1, wherein the
damping function includes a notch filter in a forward loop to
limit the damping function to within a predefined frequency
range of the powertrain speed oscillations.

6. The hybrid electric vehicle of claim 1, wherein the
damping function includes a feedback loop that generates a
motor torque adjustment, which is subtracted from a desired
motor torque resulting in an actual motor torque, the motor
torque adjustment being based on a difference between a
measured motor speed and a desired motor speed.

7. The hybrid electric vehicle of claim 6, wherein the
feedback loop includes a derivative term which is propor-
tional to a derivative of a difference between a measured
motor speed and a desired motor speed and a proportional
term which is proportional to the difference.

8. The hybrid electric vehicle of claim 1, wherein the
limited duration is based upon either a predetermined
elapsed time or when a speed error reduces below a prede-
termined threshold, the speed error being a difference
between a measured motor speed and a desired motor speed.

9. A hybrid vehicle control method comprising:

measuring an electric motor speed;

interpolating a desired motor speed by applying a curve-

fitting algorithm to the measured motor speed; and

in response to a torque variation scenario, adjusting

powertrain torque for a limited duration using the
motor to counteract powertrain speed oscillations and
drive measured motor speed towards desired motor
speed using a damping function based on a difference
between the measured and desired motor speeds.

10. The method of claim 9, wherein the powertrain torque
variation scenario is at least one of: an engine start, a gear
shift, a tip-in, a tip-out, or a large torque command.

11. The method of claim 9, wherein the powertrain torque
variation scenario is a partially or a completely closing of a
launch clutch.

12. The method of claim 9, wherein the powertrain torque
variation scenario is a partially or a completely closing of a
torque converter bypass clutch.

13. The method of claim 9, wherein the damping function
includes a notch filter in a forward loop to limit the damping
function to within a predefined frequency range of the
powertrain speed oscillations.

14. The method of claim 9, wherein the damping function
includes a feedback loop that generates a motor torque
adjustment, which is subtracted from a desired motor torque
resulting in an actual motor torque, the motor torque adjust-
ment being based on a difference between a measured motor
speed and a desired motor speed.

15. The method of claim 14, wherein the feedback loop
includes a derivative term which is proportional to a deriva-
tive of a difference between a measured motor speed and a
desired motor speed and a proportional term which is
proportional to the difference.

16. The method of claim 9, wherein the limited duration
is based upon either a predetermined elapsed time or when
a speed error reduces below a predetermined threshold, the
speed error being a difference between a measured motor
speed and a desired motor speed.

17. A method for controlling a hybrid electric vehicle
comprising:
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controlling motor torque for a limited duration in antici-
pation of a powertrain torque variation scenario based
on a damping function, the damping function compris-
ing:

a notch filter in a forward loop to limit the damping
function to within a predefined frequency range of
powertrain speed oscillations;

a feedback loop that generates a motor torque adjust-
ment, which is subtracted from a desired motor
torque resulting in an actual motor torque, the motor
torque adjustment being based on an adjustment
algorithm that is based on a difference between a
measured motor speed and a desired motor speed,
wherein the measured motor speed is received from
a sensor and the desired motors speed is interpolated
by applying a curve-fitting algorithm to the measured
motor speed; and

adjusting a vehicle powertrain torque with the damping
function using an electric motor to counteract pow-
ertrain speed oscillations and to drive the measured
motor speed towards the desired motor speed.

14

18. The method for controlling a hybrid electric vehicle of
claim 17, wherein the powertrain torque variation scenario
is at least one of: an engine start, a partially or a completely
closing of a launch clutch, a gear shift, a tip-in, a tip-out, a
large torque command, or a partially or a completely closing
of a torque converter bypass clutch.

19. The method for controlling a hybrid electric vehicle of
claim 17, wherein the feedback loop includes a derivative
term which is proportional to a derivative of a difference
between a measured motor speed and a desired motor speed
and a proportional term which is proportional to the differ-
ence.

20. The method for controlling a hybrid electric vehicle of
claim 17, wherein the limited duration is based upon either
a predetermined elapsed time or a speed error becoming less
than a corresponding threshold, the speed error being a
difference between a measured motor speed and a desired
motor speed.



